Two entomopathogenic nematodes (EPNs) Heterorhabditis indica and Steinernema carpocapsae were tested against the armyworm, Spodoptera litura (F.) (Lepidoptera: Noctuidae). Also, their compatibility with spinosad (Tracer® 240SC) was assessed under laboratory conditions. In study I, compatibility test was performed to evaluate the viability of nematodes at different concentrations of spinosad. None of the concentrations was observed as toxic against both EPNs. The highest concentration (800 ppm) of the spinosad showed 14% mortality in H. indica juveniles and 13% in S. carpocapsae 48 h post-treatment. In study II, the spinosad and the EPN mixtures showed that both EPNs enhanced the efficacy of spinosad against S. litura larvae. The highest mortality rates (80.0 and 76. 6%) in the second instar larvae indicated a synergistic effect (χ 2 = 39.69 and 7.02) 48 h post-treatment, with infective juveniles (IJs) of S. carpocapsae and H. indica, respectively, with the highest concentration of spinosad. In the case of the third instar larvae, a synergistic effect (χ 2 = 16.73) was observed in H. indica and the highest concentration of spinosad, while other treatments showed additive efficacy of the EPNs. After 96 h, all treatments exhibited synergistic effect, except when H. indica was applied at the lowest concentration of spinosad. However, these combination treatments need to be tested further with EPNs under field conditions to confirm their efficacy.
Background
The armyworms, Spodoptera spp., are among the most important insect pests of agricultural crops (Zhou et al. 2010) . They are generalist feeders infesting over 290 plant species that belong to 80-99 families (Wu et al. 2004 ). They may cause economic losses (25.8-100%) to crop growers (Dhir et al. 1992 ) relying upon the crop stage and level of infestation in the field (Ahmad et al. 2005) .
A wide variety of synthetic insecticides, belonging to various groups, has been used against lepidopteran pests, including Spodoptera spp. (Saleem et al. 2008) . The unsuccessful control and resistance development against certain insecticides have been reported in Pakistan, due to injudicious use (Ahmad and Arif 2010) . Alternatively, the bio-pesticides including entomopathogenic nematodes (EPNs), Bacillus thuringiensis and nuclear polyhedrosis viruses (NPVs), have been reported as effective tools in integrated pest management due to their pest selectivity and less toxicity to beneficial arthropods (Wilson et al. 2002) . EPNs, especially the members of Steinernematidae and Heterorhabdiridae, have been effectively applied as safe biological insecticides in pest control plans (Grewal et al. 2005) and can be applied through standard pesticide machinery (Shapiro-Ilan et al. 2006) . However, the significant non-target effect on the larvae of two-spotted lady beetle, Adalia bipunctata (L.), and lacewing, Chrysoperla carnea (Stephens) was mentioned by Rojht et al. (2009) . A wide variety of insect pests has been reported to be susceptible to the nematodes showing no adverse effects on beneficial and non-targeted species (Akhurst and Smith 2002) .
Considering the lack of information on the interaction of EPNs with spinosad, routinely applied insecticide, the compatibility of spinosad with two EPNs and their synergistic or additive interactions against second and third larval instars of S. litura were assessed under laboratory conditions.
Methods

Insect culture
The rearing of the nematode host, Galleria mellonella Linnaeus (Lepidoptera: Pyralidae), was carried out in Plant Nematology Laboratory, University of Agriculture, Faisalabad, Pakistan, following the method reported by Khan et al. (2009) . The adults of G. mellonella were maintained in plastic jars (5 cm diameter and 30 cm depth), and eggs were collected on folded card sheets. The newly hatched larvae were fed on a semi-natural diet (crushed wheat 500 g + bee's wax 100 g + yeast 100 g + plain/commercial yeast 100 ml) at the optimum conditions of 31 ± 1°C and 75 ± 10% RH with 24 h dark photoperiod (Khan et al. 2009 ).
The larvae of S. litura were collected from the fields of the Entomology Research Area (31°26′ 10″ N, 73°03′ 43″ E, 184 m) and Postgraduate Agricultural Research Station (31°23′ 30″ N, 73°01′ 00″ E, 178 m), University of Agriculture, Faisalabad, Pakistan, and reared on the leaves of cotton plant (Gossypium hirsutum L.), washed, and dried in the laboratory. The larvae were maintained under the controlled conditions of 25 ± 2°C, 70 ± 10% RH, and 12-h photoperiod. The adults of the same age were retained in perspex cages (30 × 30 × 30 cm) ventilated from two parallel sides and fixed with muslin cloth. A cotton wool ball immersed in a solution containing sucrose (100 g/l), vitamin solution (20 ml/l), and methyl 4-hydroxybenzoate (2 g/l) was offered in the cages for adult feeding ). The test insects were reared in the laboratory for one generation to acquire adequate homogenous larvae for the experiment.
Nematode strains
The cultures of the two indigenous EPNs, Heterorhabditis indica and Steinernema carpocapsae, were sustained and multiplied on the last instar G. mellonella larvae (Woodring and Kaya 1988) in the laboratory. The larvae infected with EPNs (IJs) were stored at 15°C, and the deceased or pupating larvae were removed, while in storage. The IJs were collected in clean transparent plastic pots from dead G. mellonella larvae by the modified White trap (White 1927 ) and kept at 10-15°C.
Insecticide
The bio-insecticide, spinosad (Tracer® 240SC), that belongs to the toxicological class III of the active ingredient was obtained from Arysta Life Sciences, Pakistan. Serial concentrations of 800, 400, and 200 ppm were prepared by dissolving the measured quantities of the insecticide in distilled water. These concentrations were used alone and in combination with the EPNs for the bioassay tests against the S. litura.
Study I: insecticide and EPNs compatibility test
A simple mortality bioassay test was performed to assess the compatibility of EPNs with the insecticide by using the test serial concentrations. One milliliter of each insecticide concentration was added to a sterilized glass tube, and 100 IJs in 10 μl Ringer's solution were transferred to each glass tube. The tubes were gently agitated at half an hour intervals to prevent settling of the insecticide and nematode mixture. The experiment was replicated three times with tap water as a control. The mortality data for the EPNs were recorded after 12, 24, and 48 h of treatment (Ulu et al. 2016) . The insecticide concentrations that caused less than 50% mortality were considered harmless (Khan et al. 2009 and Ahmad et al. 2011 ).
Study II: efficiency of insecticide and EPNs against Spodoptera litura
The second and third instar larvae of S. litura, same age sizes, were kept in the plastic containers (150 ml capacity volume) provided with wet sand (10%, w/w) and 5 g of non-natural larval food. The tested larvae were subjected to treatments given in Table 1 . Ten individuals were treated in each replicate, with a total of three replicates. The nematode concentrations were 100, 200, 500, and 1000 IJs per container. A single larva was retained in each container, and the mortality data were recorded at 48 and 96 h post-treatment under the laboratory conditions of 25 ± 2°C, 70 ± 10% RH, and 12-h photoperiod.
Statistical analysis
All the experiments were performed under completely randomized design (CRD). The larval mortality data were calculated and corrected by using Abbott's formula (Abbott 1925) . Data were then subjected to the analysis of variance, and the differences among the means of the treatments' mortality values were estimated through Tukey's HSD test at P < 0.05. The analysis for additive, antagonistic, or synergistic interactions between the EPNs and insecticide was based on a binomial test and comparison of the expected and observed mortality percentage (Negrisoli et al. 2010 ). The expected mortality percentage was calculated through the formula:
where P E is designated to the expected mortality in the EPNs and insecticide combination treatment, P O is the mortality in control treatment, P 1 is the mortality in insecticide treatment, and P 2 is the mortality observed in the treatment of EPNs alone. A chi-square (χ 2 ) value was calculated by using the formula:
where L o is the number of living larvae observed in the treatment, L e is the number of living larvae expected in the treatment, D o is the number of dead larvae observed, and D e is the number of dead larvae expected in the treatment. The hypothesis was tested by using a value of χ 2 = 3.84 at df (n−1) and P = 0.05. The additive interaction was explained when χ 2 value was less than 3.84, antagonism was designated to the treatment combinations where observed mortality (P o ) was less than expected mortality (P e ) and χ 2 > 3.84, and synergistic interaction was designated to those treatments, where observed mortality (P o ) was higher than the expected mortality (P e ) and χ 2 > 3.84 (Negrisoli et al. 2010) .
Results and discussion
Insecticide and EPNs compatibility
The compatibility of EPNs with spinosad was performed prior to study their combination against S. litura. The results showed great variations among all the concentrations tested against both EPN species (S. carpocapsae and H. indica) after different exposure times (P < 0.05). Long exposure time and high concentrations of the insecticide caused low mortality of both EPN species. However, all concentrations of spinosad were considered harmless to the two species, as the treatments demonstrated less than 20% mortality. The highest concentration (800 ppm) of spinosad showed 14% mortality in H. indica and 13% in S. carpocapsae juveniles after 48 h of treatment (Table 2) . Negrisoli et al. (2008) recorded low mortality rates of S. carpocapsae and H. bacteriophora, when treated with the insecticide Pyrinex™. Low mortality rates of Steinernema feltiae and S. carpocapsae were observed, when treated with Dursban™ (Alumai and Grewal 2004) and Gutiérrez et al. 2008) .
Relative insusceptibility of EPNs to insecticides can be explained by a hypothesis that in the synapse of EPNs, the existence of the butirilcolinesterase may have a role in this insusceptibility. Selkirk et al. (2001) reported that butirilcolinesterase might defend the acetylcholinesterase because it is attacked by the inhibitors of acetylcholinesrease earlier; therefore, in contrast to such compounds, it is directly involved in the defense. Laznik and Trdan (2014) described the compatibility of EPNs with insecticides as a strain-specific phenomenon and reported that S. feltiae and H. bacteriophora were compatible with azadiractin and pirimicarb. The results of this study and those by Laznik and Trdan (2014) proposed that the compatibility of EPNs with selected insecticides may offer cost-effective alternative pest control strategy. .00 ± 0.51b a 400 ppm 3.00 ± 0.57b 5.00 ± 0.51b 6.73 ± 0.88b 7.00 ± 0.51b 9.34 ± 0.31b 11.00 ± 0.57b 800 ppm 6.34 ± 0.34a 8.00 ± 0.51a 9.34 ± 0.34a 10.67 ± 0.34a 13.00 ± 0.51a 14.00 ± 0.57a Control 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00d 0.00 ± 0.00d 0.00 ± 0.00c 
Efficiency of spinosad and EPNs against S. litura
In the present study, spinosad seemed to be an important factor in larval mortality. The second and third larval instars of S. litura, treated with spinosad and EPNs and their combination, showed significant differences in mortality percentage among all treatments 48 h post-treatment (F = 41.64; df = 53; P < 0.001; R 2 = 95.16% and F = 16.66; df = 53; P < 0.001; R 2 = 88.72%, respectively). Higher concentration (800 ppm) of spinosad alone showed high mortalities of 66.67 and 43.33% in the second and third larval instars of S. litura, respectively, after 48 h (Table 3 ). S. carpocapsae and H. indica showed less mortality in the second instar larvae even with the highest number of IJs (1000/treatment), whereas no mortality was observed with the lowest numbers (200 and 100/treatments) after 48 h of treatment. Treatment with EPNs alone caused 16.67 and 10.00% mortality rates in the second and third larval instars, respectively, in H. indica, when treated with 1000 IJs (Table 3 ). The efficiency of the lowest concentration (100 IJs) of both EPNs was not satisfactory; about < 4% mortality was found after 48 h (Table 3) . Radhakrishnan and Shanmugam (2017) demonstrated that by increasing the dose rates of H. indica and S. glaseri, high mortality rates were observed in S. litura under lab conditions, and H. indica proved to be more effective under pot culture conditions in the greenhouse. Guo et al. (2013) reported a high reduction in the population of Holotrichia parallela by using high dose rates (5000-10,000 IJs/ plant) of Steinernema longicaudum and H. bacteriophora in the peanut field.
Using the combination of spinosad (at 800 ppm) with S. carpocapsae, 80 and 50% mortality rates of the second and third larval instars, respectively, after 48 h were observed. Similar results of high efficacy were observed in H. indica combined with spinosad at 800 ppm (Table 3) .
After 96 h, the mortality rate of the second (F = 91.79; df = 53, P < 0.001; R 2 = 97.74%) and third (F = 46.51; df = 53, P < 0.001; R 2 = 95.65%) instar larvae of S. litura showed a significant increase. The highest concentration of spinosad (800 ppm) alone, as well as its mixture with 1000 IJs of each of the EPN species, demonstrated 100% mortality of the second instar larvae (Table 4) . Similarly, 76.67% mortality rate of the third instar larvae was observed, using spinosad (800 ppm) alone, and its efficiency increased by 10-20%, when applied with both EPNs. These findings are in accordance with Negrisoli et al. (2010) who stated that in the field circumstances, mortality of the Table 3 Interaction between Tracer and entomopathogenic nematode species over mortality rate (mean ± SE) of the second and third larval instars of Spodoptera litura after 48 h of treatment application Control 0.00 ± 0.00f --0.00 ± 0.00f --*Treatments: TR = Tracer® 240SC, Sc = S. carpocapsae and Hi = H. indica; Sc + TR (S. carpocapsae 1000 IJs + respective concentration of insecticide), Hi + TR (H. indica 1000 IJs + respective concentration of insecticide), **sharing different letters are statistically different by the Tukey test at 5% Probability, ***interactive response between treatment mixtures: synergistic (χ 2 > 3.84 and observed mortality > expected mortality), additive (χ 2 < 3.84), and antagonistic (χ 2 > 3.84 and observed mortality < expected mortality) third instar larvae of S. frugiperda was significantly different after application of insecticide + EPNs as compared to EPNs alone. Obtained results indicated also that the nematode species, insecticide concentrations, and their mixtures had a little more effect on the second instar larvae than the third instar after 48 and 96 h of treatment (Tables 3 and 4) .
Synergistic and additive interaction of spinosad and EPNs mixtures against Spodoptera litura
All the mixtures of spinosad and EPN species showed synergistic interactions against the second instar larvae after 48 h of treatment, except for the treatment spinosad (200 ppm) + H. indica juveniles (χ 2 = 1.87); however, the interaction was additive. The highest mortality rate of the second instar larvae was observed by using the mixtures of S. carpocapsae or H. indica with 800 ppm of spinosad showing synergistic interactions (χ 2 > 3.84). In the case of the third instar larvae, a mixture of S. carpocapsae and spinosad (800 ppm) was found to be additive (χ 2 = 1.31) while that of H. indica was synergism (χ 2 = 16.73) after 48 h of treatment (Table 3) .
After 96 h of treatment, all the combinations (EPNs + spinosad, all concentrations) exhibited synergistic interactions (χ 2 > 3.84), except the combination of H. indica and 200 ppm, which presented an additive effect (χ 2 = 0.20) (Table 4) . Less than 10% mortality was observed in the treatments with a low number of IJs (100 and 200 IJs) of both species against the third instar larvae after 96 h of treatment. The results obtained from these experiments indicated that the nematode species, insecticide concentrations, and their mixtures were more effective against the second instar larvae than the third instar larvae after 48 and 96 h of treatment. Guo et al. (2016) reported a synergistic or an additive effect of combinations of H. bacteriophora with chlorantraniliprole and imidacloprid on the second instar larvae of Holotrichia oblita, causing faster mortality than the nematode species or insecticide alone. When high concentrations of the insecticides were combined with nematodes, the strongest synergistic effects were found.
Conclusions
The present study highlighted two major findings: (1) the EPNs, S. carpocapse, and H. indica were compatible and had a synergistic interaction with spinosad (Tracer® 240SC) against two larval instars of S. litura, and (2) young larval instars of S. litura were more susceptible to insecticide and nematode-spinosad mixtures. Therefore, Control 0.00 ± 0.00 h -0.00 ± 0.00f -*Treatments: TR = Tracer® 240SC, Sc = S. carpocapsae and Hi = H. indica; Sc + TR (S. carpocapsae 1000 IJs + respective concentration of insecticide), Hi + TR (H. indica 1000 IJs + respective concentration of insecticide), **sharing different letters are statistically different by the Tukey test at 5% probability, ***interactive response between treatment mixtures: synergistic (χ 2 > 3.84 and observed mortality > expected mortality), additive (χ 2 < 3.84), and antagonistic (χ 2 > 3.84 and observed mortality < expected mortality) they are recommended for early applications for a better pest management. The efficacy of nematodes and biorational insecticides depends upon certain environmental factors when applied under field conditions. Hence, there is a need of exploration for more EPN isolates and evaluating optimal nematode concentrations in combination with particular insecticides in the laboratory and field conditions. Abbreviations EPNs: Entomopathogenic nematodes; Hi: Heterorhabditis indica; Sc: Steinernema carpocapsae; TR: Tracer (spinosad)
